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Freeway networks are a critical component of the transportation systems at large metropolitan areas. 
The use of managed lanes (MLs) is a very important tool in accommodating directional demand, often 
heavily asymmetrical at peak hours. Current literature establishes that operational performance of MLs 
may impact, and be impacted by, operations of adjacent general purpose lanes (GPs), despite some 
degree of physical separation. Such operational co-dependence may especially exist between the GP 
lane adjacent to the separation buffer and the ML lane. This paper examines how the operations of 
these lanes relate to each other. Operational data were collected from 2 freeway sites in Houston TX 
(U.S.A.) for analysis. Both sites feature a buffer separating a single ML from the GP lanes at each site. 
One of those sites features vertical pylons in its buffer while the other site does not. This dataset spans 
several months of year 2014, from January to December. Results highlight the influence of the left-
most GP lane on the ML operational speed, as well as the apparent degree of mitigation to that 
influence that the presence of pylons provides. 
 
Keywords: Managed Lanes, Freeway Operations 
1 Introduction 
Freeway networks are a critical component of the transportation system for large metropolitan 
areas. Within a freeway, some of the lanes can be actively managed to improve service. These 
managed lanes (MLs) can provide faster travel speeds and better reliability than what could be 
observed on adjacent general-purpose (GP) lanes that are not subject to the same level of management. 
Most managed lanes serve long-distance mobility needs and are typically the left-most lane(s) next to 
the median barrier. Several separation techniques between the ML and the GP lanes are used, ranging 
from typical broken single white lane line markings to a concrete barrier including having a flush 
buffer marked with white and/or yellow solid lane line markings. Adding a vertical pylon in the flush 
buffer is becoming more common, with the purpose to prevent lane changing. 
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Notably, there is reason to believe that ML operations differ from GP lane operations, as previous 
research has found differences in performance measures. Furthermore, previous work has found that 
operations at ML and GP lanes are not independent. The primary objective of this paper is to conduct 
an investigation of freeway operations at buffer-separated managed lanes along with its neighboring 
GP lane to quantify the potential effect of pylons in the interaction between the ML and the adjacent 
GP lane.  
 
1.1 Literature Review 
Previous work by Carson suggests that the single fact that operations on managed lanes are 
monitored and controlled is enough reason to expect differences with respect to GP lanes (Carson, 
2005). Various studies have investigated traffic flow characteristics in managed lanes. Researchers in 
Washington observed that MLs move slower when the GP lanes are congested (Nee, Ishimaru, & 
Hallenbeck, 1999). The study attributed this behavior to lack of comfort when traveling at higher 
speeds than the GP traffic and to merging traffic from the GP lanes to the ML travelway. Additional 
evidence was found by Martin et al. (Martin, Perrin, Wu, & Lambert, 2004). They used data from 
three highways with managed lanes in Utah to analyze travel time, volume counts, and speed for five 
morning peak hours and five afternoon peak hours at each site.  The study observed that when the GP 
lanes adjacent to the HOV lanes were congested, the HOV lane operated at a speed well below the 
speed associated with the flow level that is significantly under the capacity.   
Kwon and Varaiya (Kwon & Varaiya, 2008) further added to the notion that MLs have features 
that distinguish them from GP lanes.  The study looked at speed and volume data obtained from 700 
loop detectors in California.  The data covered various months of the year, and the detector stations 
were located along 1171 miles of a ML on a California highway.  The study found that MLs had a 
maximum flow of 1600 vehicles per hour per lane (vphpl) at 45 miles per hour (mi/h) where GP lanes 
experience a maximum flow of 2000 vphpl at 60 mi/h.  This 20 percent decrease in capacity was 
attributed to a “snail” effect where the speed on the HOV lane was governed by the slowest moving 
vehicle. 
The National Cooperative Highway Research Program (NCHRP) funded a study to analyze 
managed lanes on freeway facilities (Wang, Liu, Rouphail, Schroeder, Yin, & Bloomberg, 2012).  The 
study developed different modules to determine speed-flow relationships in ML facilities that were 
based on sensor and simulation data.  The framework of these modules considered different segment 
types along a ML facility, and types of separation.  The study used a total of 63,656 fifteen-minute 
data points that were extracted from 10 freeway facilities with MLs in order to develop a speed-flow 
relationship.  The study found that the separation type and number of lanes seem to impact the traffic 
flow behavior of ML facilities. 
Liu et al. termed the phenomenon of speeds in the ML being influenced by operations in the GP 
lane as a “frictional effect”, finding reduced HOV speeds due to adjacent GP lane congestion. The 
researchers compiled and analyzed data grouped by 5-minute intervals from four study sites (two in 
Minnesota and two in California), covering partial days within a month in 2009. The study 
investigated whether the frictional effect between GP lanes and MLs was present across different 
separation types. The study concluded that the frictional effect was greater at buffer-separated one-
lane facilities, followed by facilities with soft separation, such as plastic pylons. Concrete barrier 
separations had the lowest frictional effect. The frictional effect was also less when the managed lane 
had two rather than one lane due to the opportunity of passing a slow moving managed lane vehicle. 
1.2 Motivation 
The work described in this paper is motivated by an interest to quantify how the neighboring GP 
lane affects the operations of a ML and to measure the size of the co-dependency between the GP lane 
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and the ML. In particular, the authors intend to investigate whether the presence of pylons influences 
the relationship between ML and GP lanes.  One important characteristic of freeway facilities in large 
metropolitan areas in Texas is the higher posted speed limits, compared to other cities around the 
United States. How do the higher posted speed limits affect operations and the co-dependency 
relationship? Another motivation is the use of speed sensor data binned in smaller intervals than most 
previous work, given that data for Houston freeways is available at 30-second intervals. 
2 Data Collection 
This section describes the procedures the research team followed to acquire, reduce, and filter the 
data necessary for this study. 
2.1 Data Characteristics 
Data at two buffer-separated, one-lane managed lane sites in Houston, Texas were obtained for the 
2014 calendar year. One of these sites was at a location where the buffer between the ML and the GP 
lane includes pylons (Site 1). The other site was a location where the separation was achieved without 
pylons between the ML and the GP lane. All speeds were obtained from an aggregation period of 30-
second intervals for all hours in a day, all days in a month.  For site 1 there were 12 months of data, 
whereas Site 2 only had 11 months of data. The number of data points per month from each sensor 
was approximately 500,000 sensor readings (including all lanes). A sensor data reading includes 
detector ID, highway lane number (used to identify which lane was the lane neighboring the ML), lane 
function (e.g., HOV lane or GP lane), date, time stamp, speed, volume, occupancy, and size of vehicle 
(small, medium, large). The vehicle classification by length is reported automatically by Smart 
Sensors located at the sites, which are digital wave radars.  
Highway characteristics at each site were obtained from aerial photographs and were added to the 
database. The characteristics include type of buffer (flush or flush with pylons), lane and shoulder 
widths along with others.  
2.2 Additional Filtering 
The research team decided to analyze a subset of days per each of the sites of interest, given the 
abundance of data. Weekend data (i.e., Saturday and Sunday) were eliminated because previous 
research has identified significantly different traffic patterns for those days (Dixon, Fitzpatrick, & 
Avelar, 2015). In addition, preliminary review of the data indicated a lack of congestion occurring on 
Saturday and Sunday. Four weekdays were extracted for each available month of data. Complete 24-hr 
periods were extracted for Wednesday and Friday from each of the first two weeks of every month. In 
total, this procedure yielded 276,910 sensor readings. Of this initial pool of data, 167,310 sensor 
readings were from GP lanes and 109,600 sensory readings from the corresponding ML facility. 
The research team filtered data by completeness at the available periods of time. For example, data 
points with information for both ML and GP lane at a given time period were identified and the rest 
were discarded. This procedure reduced the initial 276,910 sensor readings to a subset of 182,920 
sensor readings. When paired, these 182,920 sensor readings become 91,460 paired records, each 
record representing a 30-second period with valid data from both ML and GP lane. Finally, since 
detectors have the potential to malfunction or yield unreliable readings from time to time, an 
additional step was taken to further reduce the assembled database before analysis. This data reduction 
comprised quality checks to identify readings with unusual characteristics. This filtering was done 
based on the known relation between the three fundamental characteristics of traffic flow. Specifically, 
it can be shown that an estimate of the Space Mean Speed (SMS) can be obtained from the ratio of 
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volume to density. This quantity should correlate closely with the speed obtained directly from the 
sensor, as that reading is a measure of the Time Mean Speed (TMS).  
Although the SMS and TMS are not exactly equal, it has been shown that the TMS tends to be 
slightly larger than the SMS proportionally to the amount of variation in the speeds of individual 
vehicles (Roess, Prassas, & McShane, 2004). Using this known relationship, the research team 
calculated the SMS for each data point and compared it to the available TMS. The research team 
filtered data whose self-consistency appeared questionable (i.e. speed reading inconsistent with the 
corresponding volume, and density estimates). The following empirical relationship was used in the 
last filtering step:ͲǤ͹ͷ ൈ ܵܯܵ ൑ ܵ݌݁݁݀ௌ௘௡௦௢௥ ൏ ͳǤͷͷ ൈ ܵܯܵ. These thresholds were selected so that 
a higher tolerance is given on the right side; the TMS is expectedly larger than the SMS. By applying 
this filter, the final dataset for analysis consisted of 69,080 records with matching ML and GP data for 
the same 30-second period, reduced from 91,460 originally paired records.  
Table 1 summarizes the data from Site 1. Similarly, Table 2 shows the summary statistics for Site 
2. These tables show some notable differences between the study sites. Wider lanes, wider buffer, and 
pylons in the buffer were present at Site 1. Higher volumes and more congestion were recorded at the 
ML at Site 2 (i.e. higher mean occupancy as well). 
 
Table 1: Summary Statistics for Site 1 (with Pylons) 
Variable Mean Standard 
Deviation Minimum Maximum 
GP Lane Width (ft) 12.02 N.A. N.A. N.A. 
Buffer Width (ft) 4.42 N.A. N.A. N.A. 
ML Lane Width (ft) 13.43 N.A. N.A. N.A. 
ML Speed (mi/h) 63.3 10.7 4 112 
ML Occupancy (%time) 6.3 6.0 1 50 
ML Volume (veh /30s) 6.3 4.6 1 28 
GP Speed (mi/h) 61.8 16.9 3 109 
GP Occupancy (%time) 7.6 7.5 1 89 
GP Volume (veh /30s) 6.7 4.1 1 29 
Total Sensor Readings 46 523 
 
Another clear difference is the contrast of densities between ML and GP at each site. Site 1 has 
comparably low mean occupancy levels, a condition which suggests that operation at this site is 
mostly uncongested. In contrast, Site 2 exhibits relatively low mean occupancy at the ML but with a 
GP lane mean occupancy is almost three times as large. 
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GP Lane Width (ft) 10.4 N.A. N.A. N.A. 
Buffer Width (ft) 2.44 N.A. N.A. N.A. 
ML Lane Width (ft) 11.08 N.A. N.A. N.A. 
ML Speed (mi/h) 68.8 19.4 8 103 
ML Occupancy (%time) 5.6 6.7 1 54 
ML Volume (veh /30s) 5.9 4.2 1 25 
GP Speed (mi/h) 60.7 25.1 8 102 
GP Occupancy (%time) 14.2 11.4 1 87 
GP Volume (veh /30s) 10.4 3.8 1 33 
Total Sensor Readings  22 557 
3 Analysis 
The research team performed an exploratory analysis of various characteristics of the operations at 
the lanes of interest. Based on the findings of the exploratory analysis, the research team then 
performed a qualitative analysis for each of the sites. The exploratory analysis is described in the 
following subsection. The qualitative analysis is documented in a later subsection in this paper. 
3.1 Operational Characteristics of ML and GP Lanes 
Figure 1 shows the 24 hour trends for both the ML and the GP lane next to the ML at sites 1 and 2. 
As can be seen in this figure, the peak period in the afternoon is the critical time window for site 1. 
This peak period condition, spanning from around 15:00 to 19:30, corresponds to commuting traffic 
leaving Houston in the afternoon.  
 
Figure 1: Speed versus Time of Day for Sites 1 and 2 
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During the off-peak hours, the GP tends to operate at slightly higher speeds than the ML. The 
authors speculate that the reason may be that in single lane ML segments separated by pylons, faster 
vehicles are not able to overtake a slower vehicle. In contrast, the left-most GP lane tends attract the 
fastest vehicles of the GP traffic (Dixon, Fitzpatrick, & Avelar, 2015).  
Figure 1 also shows that it is during the peak period that the ML maintains a higher speed than the 
GP lane, by about 10 mi/h at the middle of the peak period. 
Regarding speeds at Site 2, Figure 1 shows that the peak-period occurs in the morning, 
approximately from 6:00 to 9:00. This peak period corresponds to traffic commuting towards 
downtown Houston in the morning. Similarly to site 1, the ML tends to operate faster than the GP lane 
during the peak period. Notwithstanding, this figure shows an important difference between sites: the 
managed lane at site 2 tends to operate at a slightly higher speed than the corresponding GP lane 
during some off-peak periods.  
Next, the research team prepared plots of speed versus equivalent flow rate. Equivalent flow rates 
were computed by applying a factor of 1.5 to the counts of large vehicles at each time period, per 
recommended procedures in the Highway Capacity Manual (Transportation Research Board, 2010). 
These adjusted values were then converted to hourly flow rates.  
Figure 2 shows the two pairs of speed-equivalent flow rate curves at each site. These plots reveal 
that while the range of operating conditions for the pair of lanes at Site 1 (with pylons) are 
comparable, the range of operating conditions for Site 2 (without pylons) appear different for the two 
lanes, with the GP lane reaching higher volumes at higher speeds compared to the managed lane.  
 
Figure 2: Speed versus Equivalent Flow Rate for Sites 1 and 2 
 
Figure 2 also shows the lines corresponding to various densities. In general, maximum equivalent 
flow rates are reached between densities of 35 and 60 passenger cars per mile per lane (pcpmpl). The 
capacity of each lane can be estimated preliminarily from the filtered dataset by computing the 85th 
percentile volume at incremental bins of density using a threshold of 10 pcpmpl. Figure 3 displays the 
results of these calculations. 
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Figure 3 suggests that the lane capacities at Site 1 (with pylons) are larger than at Site 2 (without 
pylons), given that densities are higher than 50 pcpmpl at both lanes. This observation is contingent on 
the conjecture that the maximum 85th percentile volume represents the capacity of each lane. Although 
this equivalence is debatable (i.e. why the 85th percentile volume and not another percentile?) at least 
it can be said that the maximum 85th percentile volume should correlate strongly with the 
corresponding lane capacity. 
 
Figure 3: Speed versus Equivalent Flow Rate for Sites 1 and 2. 
The exception to the general trend in this figure occurs for the GP at Site 2 (without pylons) with 
densities ranging from 20 to 40 pcpmpl, the Volume 85th percentile continues to increase at a notably 
higher rate than the other three lanes. Further investigation is required to determine the reason for this 
difference.  
3.2 Influence of the GP Lane Traffic Conditions on Operations of ML 
Lane 
The research team examined how the range of operations at the MLs varies with varying traffic 
conditions in the adjacent GP lane. Figure 4 shows the speed versus flow-rate curves for the two sites 
under study.  
Three subsets, corresponding to three ranges of car densities on the neighboring GP lane, can be 
seen for each site. With increasing density in the GP lane, there is a shift toward lower speeds in the 
ML operations, regardless of the volume in the ML. This trend is suggestive; there may be other 
influential variables that could contribute to generating the observed trend. The research team 
considers that a formal assessment that this trend emerges from co-dependence of operations at GP 
and ML lanes requires controlling for other influential variables. 
 




Figure 4: Speed versus Volume Curve for Managed Lane at Site 1and Site 2 
The next section of this paper shows qualitative analyses performed on the operating data from 
each site. 
3.3 Quantitative Analysis 
The research team fitted Gaussian mixed-effects models to the data from both sites, as this 
methodology allows developing a single model to compare the influence of GP operations on ML 
operations by their separation treatment while explicitly accounting for the important differences 
between the models observed in the exploratory analysis. This analysis focused on the ML speed as 
the response variable under low traffic density because the evaluation is intended only to represent the 
operations in the ML when the drivers have room to make decisions. Based on the findings of the 




The research team made an initial attempt to fit models to each site. The intent was to then 
compare the coefficients between these models and draw conclusions about the differences, especially 
about the influence of GP operations in ML speed. The research team realized that such an exercise 
proved limited, given that the sets of coefficients per site are correlated, so the desired comparison 
should be carried on a multivariate level instead of a single coefficient. Given the structured nature of 
the data, the research team decided to fit an overarching model of both sites that treats the data 
grouped by site. Within each site, the researchers also specified that the model treat the data from a 
month as a group, as well as the data from a day within a given month. This nested structure by site 
and time is intended to give the model flexibility to allocate spatial and temporal variability at various 
scales, including seasonal and daily variability expected in the data. The variables in this hierarchical 
structure were incorporated into the model as nested random effects. The advantage of this approach is 
that the interdependence of every variable is controlled or quantified; as a result, the sought answer 
about GP operations on ML speed can be isolated in a coefficient or pair of coefficients contained in 
the model. 
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The dataset is such that there are several 30-second periods of analysis for each site k. Those 
periods are grouped by month j within a site k, and by day i within a month j. The proposed model 
specifies that all observed speeds within each nested subgroup distribute normally around the mean 
speed. For a random realization of this speed, the probability density function is given by: 
݂൫ܵ௜௝௞ ൌ ݏ൯ ൌ
ͳ






୧୨୩ = Operating speed at a given site k, in a given month j, during a given day 
i; 
 = An actually observed speed at one 30 s  period of analysis; 
Ɋ୧୨୩ = Mean operating speed within the nested subgroup; and 
ɐ୩ = Standard deviation for the operating speed within each site. 
 
Within a given nested subgroup, the model establishes that the mean operating speed is a function 
of other variables of interest (i.e. to be modelled as fixed effects), after accounting for the grouping 
structure specified in the random effects: 
Ɋ୧୨୩ ൌ ߚ଴ ൅ ࢄᇱ ή ࢼ ൅ ቂߛ଴௜௝௞ ൅ ࢆ࢏࢐࢑Ԣ ή ࢽ࢏࢐࢑ቃ 
Where, 
Ɋ୧୨୩ = Expected Operating Speed at site k, in Month j, during day i; 
ࢄ = Vector of global explanatory variables, including volume, GP Speed, GP density, and Buffer Type (to be estimated); 
ࢆ࢏࢐࢑ = Vector of Additional Covariates included in the  Random Effect structure (to be estimated); 
ߚ଴ = Global Intercept term (to be estimated); 
ࢼ = Vector of coefficients corresponding to X (to be estimated); 
ߛ଴೔ೕೖ  = Baseline Random Effect for k, in Month j, during day i (to be estimated); and 
ࢽ࢏࢐࢑ = Vector of coefficients corresponding to Z (to be estimated). 
The REs are orthogonal to the fixed-effect terms. The distribution of all ܴܧ  at a level of 
aggregation is roughly normal, a characteristic that was verified after the model estimation. The 
research team utilized a procedure that uses a Restricted Maximum Likelihood (REML) algorithm to 
estimate the parameters for the coefficients just described. This estimation was performed using open 
source statistical packages in an open source statistical engine (The R Development Core Team, 2013; 
Venables & Ripley, 2002; Pinheiro & Bates, 2000; Fox & Weisberg, 2011). 
 
Additionally, the model included a covariance structure of the residual errors to account for the co-
dependence between observations obtained very closely in time. After examining alternative 
specifications for the time dependency, the research team adopted a correlation structure with 
exponential decay of the correlation between errors as this structure was strongly suggested when 
examining an initial model fitted assuming no time dependency.  
The model with covariance structure of the error showed most parsimonious and comparative 
goodness of fit, per the Akaike Information Criterion (AIC). The selected correlation structure is such 
that: 
 ቀԖ୧୨୩౪ǡ Ԗ୧୨୩౪శ౦ቁ ൌ ɔ௣ǡ ݌ ൌ ͳǡʹǡ͵ǥ 
Where p is the lag between two points at the same level of the nested structure. More details on 
models with co-dependent residuals in time series can be found in the literature (Pinheiro & Bates, 
2000).  






The research team initially treated the flow rate as a fixed effect (i.e. as an underlying truth for 
both sites). However, the modeling process made it clear that allowing the volume parameters to 
fluctuate daily and at each site independently improves the fit significantly. This was effectively done 
by including a baseline adjustment for these coefficients at two levels of the random effects structure 
by site and by day within site (i.e. specified as vector Zijk
 as previously described). Parameters of the 
speed-flow curve differ by site (as is clear from the exploratory analysis). This is also evidence that the 
underlying speed-flow relationships may vary slightly from day to day. The grand-average estimate of 
this fluctuating effect is captured among the fixed effects coefficients, but it should be noted that the 
model estimated the coefficients adjusted per site, and per specific day.  
Although the exploratory analysis looked at density at the GP lane as the variable of interest for 
this assessment, the modeling process showed that a better fit to the data is obtained when including 
GP speed as a predictor instead of GP density. Since the goal of this paper is to assess the influence of 
GP operations on ML operations, a model with GP speed was preferred. The research team arrived at 
this conclusion after trying various alternatives of functional forms for GP density and GP speed in the 
model. The elected functional form for GP speed was such that the original variable was referenced at 
70 mph. This variable is defined as the GP speed minus 70 mph. Because this referenced variable 
equals zero when GP speed equals 70, the intended effect of this adjustment is to allow interpreting 
the intercept term of the overarching model as the free-flowing speed, given an equivalent volume and 
a GP speed of 70 mph. The coefficients for the most parsimonious model showing best fit to the data 
are shown in Table 3. 
 
Table 3: Mixed Effects Model Results 
Term Estimate Standard Error Degr. Freedom t-value p-value 
(Intercept) 7.294E+1 4.451E+0 60645 16.38688 <1.000E-5 
(Eq.Volume-RP)2 * 5.339E-6 2.000E-6 60645 2.35065 1.870E-2 
(Eq.Volume-RP) * -1.133E-2 4.460E-3 60645 -2.53995 1.110E-2 
(Speed_GP -70) 4.205E-1 2.830E-3 60645 148.59417 <1.000E-5 
(Speed_GP -70) x Pylons -1.239E-1 3.740E-3 60645 -33.13200 <1.000E-5 
STANDARD DEVIATION OF RANDOM EFFECTS 
 (Intercept) (Eq.Volume-RP)2 * (Eq.Volume-RP) * 
Site 6.294E+0 3.145E-06 6.244E-3 
Month in Site 2.010E-2 n.a. n.a. 
Day in Month in Site 6.751E-1 3.385E-06 5.030E-3 
Residual Standard 
Deviation 5.564E+0 n.a. n.a. 
Phi Parameter for autocorrelation structure +0.1920 
Number of Records 60,729 
Groups within Site 2 
Groups within Month within Site 19 
Groups within Day within Month within Site 80 
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* DP is defined as the reference point, which represents the minimum value at which the Eq. Volume begins to impact the Speed. These 
coefficients are only applicable for Eq.Volume > RP, per the definitions in Chapter 11, HCM.  The most parsimonious model was found when 
DP=600 for Site 1; DP=700 for Site 2. 
 
The results from this model show that the average speed in the ML varies considerably with the 
speed at the adjacent GP lane, as the two corresponding coefficients are statistically significant. The 
interpretation of these results is as follows: an increase of 0.42 mph in the ML per each additional 1.00 
mph in the GP lane, after controlling for equivalent volume and monthly and daily fluctuations in 
speed; this is because the coefficient for (Speed_GP -70) is 4.205E-1 in Table 3.  
However, the model also shows that when pylons are present (at site 1), the magnitude of this 
effect reduces by 0.12 mph; this is because of the -1.239E-1 coefficient for (Speed_GP -70) x Pylons 
in Table 3, indicating that the coefficient for (Speed_GP -70) must be reduced by 0.124 when pylons 
are present. The result of this adjustment is that an increase of 0.30 mph in ML speed is expected per 
each additional 1.00 mph in the GP lane, compared to 0.42 mph without pylons, after controlling for 
the equivalent volume and monthly and daily fluctuations in speed. Figure 5 shows how the 





Figure 5: Model Fit and observed Speed vs. Flow Rate at Sites 1 and 2 
Additionally, Figure 6 provides a graphic depiction of how the proposed model that includes GP 
speed instead of GP density captures relatively well the trends for GP density initially observed in 
Figure 4.  
 




Figure 6: Model Fit vs. Flow Rate by GP Density at Sites 1 and 2 
From this figure it is also evident that the distinct variability of the speed data at each site is well 
captured by the overarching model. 
4 Conclusions and Recommendations 
This research studied of how the operations of freeway managed lanes are affected by the 
operations at the adjacent general purpose lane. This analysis utilized several months of speed data 
from two sites in Houston, TX, U.S.A. The initial exploratory analysis found a change in operating 
speeds for any given volume at the ML corresponding to different car densities present in the GP lane. 
To quantify the degree of the observed behavior, the research team performed a statistical analysis of 
the ML speed utilizing only data where ML density was lower than 35. An overarching model – 
including data from both sites—was developed to control for speed variability by vehicle volume, as 
well as for seasonal and daily fluctuations in ML speed. The results from this analysis indicate a 
significant association between the ML speed and the speed present in the GP lane, which is consistent 
with findings of previous studies. In general, ML speed tends to increase with increasing GP lane 
speed. This trend corresponds with the previously observed trend of decreasing ML speed with 
increasing GP density. Furthermore, the results of the statistical analysis indicate that the presence of 
pylons may help reduce the influence of GP speed on ML operations. Whereas ML speed at the site 
without pylons increased an average of 0.42 mph for an increase of 1.00 mph in GP speed, the site 
with pylons showed an average of 0.30 mph for an increase of 1.00 mph in GP speed, after controlling 
for equivalent volume and seasonal and daily variability. 
 
As noted in Table 1 and Table 2, other differences between sites that could be influencing the 
magnitude of these result. Proximity to upstream and downstream ramps and access into the managed 
lane, lane or shoulder widths, different geometries (horizontal and vertical), may further explain the 
observed differences in shape and amplitude of the speed-flow diagrams between the two sites. 
However, the research team hypothesizes that the presence of pylons is the most likely factor that 
explains a reduction in the influence of the GP speed in the ML operations, given that pylons 
effectively create a soft but visible barrier between the two lanes. Unfortunately, the main limitation of 
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this study is that only two sites were included in the analysis. More research is recommended that 
includes a larger variety of sites in order to assess which of the candidate factors accounts for the 
differences in operations observed in this study. Without additional sites, it is not possible to test and 
control for other potential variables that may contribute to explain different degrees of influence of GP 
speed on ML operations. A variety of lane widths, buffer widths, and locations relative to ramps, and 
more sites with and without pylons should be used to confirm the results of this study. 
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